Proliferation of Pasteurella haemolytica serotype 1 in the nasal cavity following stress or viral infection is an important event in the pathogenesis of bovine pneumonic pasteurellosis. Enhanced adhesion of P. haemolytica to nasal mucosa could be one factor that predisposes animals to this proliferation. Nasal mucosa from normal and bovine herpesvirus-1 (BHV 1)-infected cattle were examined histochemically for their glycoconjugate composition. Twenty lectins were screened, six of which were chosen for subsequent study. Three of these were specific for N-acetylgalactosamine (NAGal) (Dolichos biyorus, Glycine max, and Vicia villosa), and one each was specific for N-acetylgalactosamine/galactose (Grzffonia simplicifolia-I), mannose/glucose (Canavalia ensiformis), and N-acetylglucosamine (Triticum vulgaris). For the surface mucosa and submucosal glands, there was greater reactivity in samples from BHV 1 -infected than from normal cattle for all six lectins. Reactivity was most prominent for the NAGal-specific lectins. Neuraminidase treatment of samples from normal and BHV 1 -infected cattle tended to result in greater lectin reactivity. Lectin reactivity was generally more intense in focally inflamed areas, but diffuse reactivity was not substantially affected by inflammation. BHV 1 -induced alteration of nasal mucosal glycoconjugates could enhance adhesion and colonization of P. haemolytica to nasal surfaces and may be one factor responsible for the increased number of P. haemolytica serotype 1 in the nasal cavity following viral infection.
1. Some of these factors are decreased ciliary clearance, suppressed local immunity, changes in the composition of nasal secretions, enhanced expression of bacterial adhesins, or exposure of bacteria-specific receptors on epithelial cells.' Alteration of any of these factors could either reduce bacterial clearance or produce conditions that promote more rapid bacterial growth.
Bacterial adhesion to and colonization of mucosal surfaces is an important step in the pathogenesis of many bacterial disease^.^.^ A variety of mucosal epithelial cell glycoproteins and glycolipids act as receptors for respiratory tract bacterial pathogen^.^*-^^,^^ Specific glycoconjugate receptors on mucins may promote bacterial colonization of respiratory suTfaces. 6,21.25.29.31 Alteration of glycoconjugate receptors as the result of stress or viral infection could be one factor that pre-disposes cattle to enhanced P. haemolytica serotype 1 growth in the nasal cavity.
The purpose of this study was to characterize the glycoconjugate composition of bovine nasal mucosal epithelium in normal and bovine herpesvirus-1 (BHV 1 )-infected cattle by lectin histochemistry.
Materials and Methods

Nasal mucosa
Samples of nasal mucosa were obtained from 30 8-12month-old mixed breed cattle. Fifteen samples were from normal cattle that had no clinical evidence of respiratory disease. The other 15 samples were obtained from cattle 3 days after experimental intranasal infection with 1 x lo8 plaque-forming units of BHV 1. Epithelial mucosa samples were taken from the middle region ofthe ventral nasal concha by incising and gently lifting the mucosa off of the underlying bone. Tissues were fixed in 10% buffered formalin, processed routinely, and embedded in paraffin.
Lectins
Samples of nasal mucosa from five normal and five BHV 1infected cattle were screened for reactivity to 20 different lectins. The lectins, their abbreviations, and their carbohydrate specificities are listed in Table 1 . All lectins were used at 10 pg/ml, except for Arachis hypogaia (PNA) and Limulus 
Histochemistry
Five-micrometer-thick sections of nasal mucosa were placed onto Vectabond-coated (Vector Laboratories, Burlingame, CA) microscope slides. Tissues were deparaffinized in xylene and treated with 0.05% trypsin (20 minutes, room temperature), and endogenous peroxidases were quenched by reaction with 3% hydrogen peroxide. Following washing in distilled water, the slides were placed in a Shandon Sequenza automated stainer (Shandon, Pittsburg, PA) for subsequent steps. One hundred fifty microliters of biotinylated lectin (E-Y Laboratories, San Mateo, CA) were added to each slide and incubated for 1 hour at 37 C. Following washing, a 1 : 100 dilution of avidin-biotin-horseradish peroxidase was added for 1 hour at 37 C. Lectin-carbohydrate complexes were detected by reaction with 3-amino-9-ethylcarbazole, and slides were counterstained with hematoxylin. For each experiment, background reactivity was determined by a negative control of tissue incubated with phosphate-buffered saline (PBS) rather than lectin. Intensity and consistency of the color reaction was determined by a positive control of WGA reacted with a sample known to be strongly reactive to that lectin. Lectin specificity was determined for the six selected lectins by preincubating lectins for 30 minutes with a 200 mM solution of the specific inhibitory sugar or by preincubating tissues with 50 mM sodium periodate for 30 minutes prior to the histochemical reaction. Inhibitory sugars were evaluated using samples from five normal and five BHV 1 -infected cattle that reacted strongly to the lectin being evaluated. Sodium periodate was evaluated on five samples from normal cattle that had strong lectin reactivity.
Samples from five normal and five BHVl-infected cattle were also evaluated for reactivity to PNA and LPA with and without pretreatment with Vibrio cholerue neuraminidase (Sigma Chemical Co., St. Louis, MO). Additionally, samples from five normal cattle were evaluated with DBA, SBA, VVA, and GS-I with and without neuraminidase treatment. One hundred fifty microliters of neuraminidase (1 U/ml) or PBS were placed on each slide for 1 hour at 37 C. Following washing, the lectin histochemistry procedure was conducted as previously described.
Evaluation
Lectin reactivity was graded as positive or negative for the apical plasma membrane and cytoplasm of both the surface mucosa and submucosal glandular epithelium by light microscopy. The apical plasma membrane was considered positive if there was distinct and diffuse staining of the membrane. Cytoplasm was considered positive if there was staining of any region of the cell within the plasma membrane. For the surface mucosa, the sample was designated as positive only if the staining was diffuse among most epithelial cells. For the submucosal glands, the sample was considered positive if there was consistent reactivity to any cell type (serous or mucous); diffuse reactivity to all submucosal epithelial cells was not required.
The intensity of positive reactions was scored from 1 (minimal, faint reactivity) to 4 (strong, intense reactivity). The reported intensity values ( Tables 2-4 ) are the mean values for all positive samples for each specific lectin and cellular location.
The amount of inflammation in mucosal samples was scored from 0 to 7. Samples with a score of 0 had minimal to no inflammation, whereas 7 was assigned to tissues with moderate to locally extensive lamina proprial inflammation with variable focal mucosal necrosis or erosion. Inflammation was characterized by lamina proprial lymphocytes with rare mast cells and neutrophils unless otherwise indicated. Additionally, for scores of approximately 5-7 there were variable numbers oflymphocytes and fewer neutrophils within the superficial mucosal epithelium.
Statistical analysis
Differences between the number of positive samples for normal and BHV 1 -infected cattle were determined by testing for differences in population proportions.*' Differences in intensity for positive samples were evaluated by multiple Student's t-tests. The relationship between inflammation and the intensity of lectin reactivity for each lectin and cell location was evaluated by linear regression analysis. The significance level for all analyses was P < 0.05. Vet Pathol 32:2, 1995 Table 2 . Distribution and intensity* of lectin reactivity of the surface mucosa and submucosal glands of 15 normal and 15 BHV-1 infected cattle. 
Results
Six of the 20 lectins that were evaluated in the initial screen were positive on six or more samples from normal and BHVl-infected cattle. These six lectins consisted of all three specific for N-acetylgalactosamine (NAGal) (DBA, SBA, and VVA) and one each from the NAGaVgalactose (Gal) group (GS-I), the mannose/ glucose group (ConA), and the N-acetylglucosamine (NAGlu) group (WGA). Specificity of reactivity for each of these six lectins was confirmed by competitive reactions with their inhibitory sugars and by preincubation of tissues in sodium periodate. For the other 14 lectins, 12 had some reactivity on one to six samples. The intensity of reactivity was strong for five of these (Bauhinia purpurea, UEA-I, Datura stramonium, Grifonia simplicifolia-11, and Ricinus communis-I. However, reactivity for each of these was present on only two or less samples. No evidence of reactivity for any sample was present for two lectins (Helix aspersa and Lot us tet ragonolob us). Regarding the surface mucosa, there were greater or equal numbers of positive samples for BHVl -infected than for normal cattle for both the apical membrane and cytoplasm for all six lectins ( Table 2 , Fig. la, b ). This increase was significant for GS-I membrane reactivity and for DBA and GS-I cytoplasmic reactivity. In samples with positive apical membrane reactivity, the cilia were also positive ( Fig. 2) . Surface mucosa cytoplasmic reactivity most commonly occurred as a dusting of the apical cytoplasm but involved the entire cell in some samples (Fig. 3) . Some lectins, particularly WGA and DBA, had specific reactivity for goblet cells (Fig. 4) . The intensity of reactivity in positive samples was variable ( Table 2) .
Regarding the submucosal glands, there were greater or equal numbers of positive samples for BHVl-infected than for normal cattle in both the apical membrane and cytoplasm for all six lectins ( Table 2) . This difference was significant for SBA reactivity to the apical membrane and for VVA reactivity to the cytoplasm. Apical membrane reactivity was most prominent within ducts and along the lumenal surfaces of focal glandular aggregates ( Fig. 1 b) . Submucosal gland cytoplasmic reactivity for all lectins was localized within scattered groups of glands or specific epithelial cell types (Fig. 4) . The intensity of the positive reactions to submucosal glandular epithelium was variable (Table 2). Except for SBA, the intensity of reaction to the apical membrane for samples from BHVl -infected cattle was the same as or less than that for samples from normal cattle for all lectins. Cytoplasmic reaction in- tensity for samples from BHVl -infected as compared with those from normal cattle increased for ConA, VVA, and GS-I and decreased for DBA, SBA, and WGA. None of these differences in reaction intensity were significant. There were no significant differences in reactivity or reaction intensity between samples from normal and BHVl-infected cattle for LPA or PNA ( Table 3) . The most prominent change was increased LPA reactivity to surface mucosa apical membranes but decreased LPA reactivity to submucosal gland cytoplasm for samples from BHV 1 -infected as compared with normal cattle. Neuraminidase treatment of normal and BHVl -infected samples prior to reaction with LPA and PNA caused minimal changes in surface mucosal reactivity but prominent changes in submucosal gland reactivity ( Table 3 ). In the submucosal glands, LPA did not react with the apical membrane of any sample. However, for samples from both normal and BHV 1 -infected cattle greater numbers of neuraminidase-treated than nontreated samples had submucosal gland cytoplasmic reactivity. For PNA, greater numbers of neuraminidase-treated than nontreated samples from both normal and BHVl-infected cattle reacted with the submucosal gland apical membrane and cytoplasm. This increase was significant for all but the cytoplasmic reactivity of samples from BHV 1 -infected cattle. There were no significant differences in reaction intensity due to neuraminidase treatment.
Neuraminidase treatment had various effects on the reactivity of five normal samples to DBA, SBA, VVA, and GS-I ( Table 4 ). For the surface mucosa, there were no changes in the number of positive samples for either the apical membranes or cytoplasm due to neuraminidase treatment. In the submucosal glands however, there were greater numbers of positive apical membranes for treated than for nontreated samples for DBA, SBA, and VVA. The increase for SBA was significant. Nonsignificant increases were present for cytoplasmic reactivity to SBA and GS-I for treated as compared with nontreated samples. No significant differences in reaction intensity were caused by neuraminidase treatment.
The presence and degree of diffuse inflammation had no apparent effect upon the general characteristics of lectin reactivity or reaction intensity. Linear regression analysis of inflammation scores with lectin reaction intensity for all cellular locations for each lectin detected only one significant relationship (SBA with submucosal gland cytoplasm, r = 0.4 1 1, P = 0.024). However, intensity of reaction for all lectins was increased in focal areas that contained extensive mucosal inflammation. This intensity appeared to be due to reactivity to affected epithelium as well as to necrotic cells and associated exudate.
Discussion
Bacterial adhesion to upper respiratory mucosa or mucus is an important step in the pathogenesis ofmany respiratory d i s e a~e s .~.~~ Prior or concurrent viral infection is one factor that can enhance bacterial adhesion to upper respiratory tract epithelium. 26 In healthy calves, it is difficult to establish long-term colonization of the nasal cavity with P. haemolytica serotype 1.13
In calves experimentally exposed to BHV 1 however, subsequent intranasal infection with P. haemolytica frequently results in nasal c o l~n i z a t i o n .~J~ The results of the current study demonstrated greater lectin reactivity of nasal samples from BHVl-infected than in those from normal cattle. These changes in lectin reactivity may be due to BHV 1 -induced alteration of production or composition of nasal glycoconjugates that could act as binding sites for P. haemolytica.
The significantly increased reactivity of samples from BHV 1 -infected as compared with those from normal cattle to NAGal-specific lectins implicates this glycoconjugate as a potential factor in the enhancement of nasal colonization by P. haemolytica serotype 1 following BHVl infection. A wide variety of bacterial pulmonary pathogens, including Haemophilus influenzae, Pseudomonas aeruginosa, Streptococcus pneumoniae, and Klebsiella pneumoniae, bind specifically to P-NAGa1.19.20 For binding to occur, however, terminal or internal 0-NAGal, P-1-4 Gal residues unsubstituted with sialyl components must be present.20 Neuraminidase cleavage of sialic acid and exposure of these specific residues could be one mechanism that promotes adhesion of P. haemolytica serotype 1 to nasal surfaces.
In the current study, the sialic acid-specific lectin LPA reacted predominately to the submucosal gland cytoplasm of samples from normal cattle and the apical membrane of the surface mucosa of samples from BHV 1 -infected cattle. This reactivity slightly increased following neuraminidase treatment possibly because of suboptimal levels of neuraminidase, which actually exposed more sialic acid residues rather than removing them. Additionally, variable lectin reactivity sometimes occurs because of factors such as tertiary molecular configurations, charge concentration, hydrophobic interactions, and the accessibility of binding These limitations must be considered when interpreting the presence and amount of reactivity in lectin binding studies.
Neuraminidase-sensitive sialic acid inhibited the binding of some lectins. Increased reactivity following neuraminidase treatment for NAGal-, NAGal/Gal-, and Gal-specific lectins indicates that neuraminidase can remove sialic acid residues that cover these potential adhesion-mediating glycoconjugates. These results indicate that both neuraminidase treatment and BHV 1 infection can result in greater reactivity to NA-Gal-specific lectins. If NAGal is able to mediate adhesion by P. haemolytica, both neuraminidase and BHVl could promote conditions that may lead to enhanced adhesion and colonization of P. haemolytica.
Neuraminidase is produced by P. haemolytica serotypes 1 and 2, the two most important upper respiratory tract isolates from cattle. 12~16, 28 Because serotype 1 produces substantially more neuraminidase than does serotype 2, neuraminidase could be a factor involved in the increased virulence of serotype 1 in cattle. However, the level of production by serotype l is low compared with that of some nonpathogenic serotypes (serotypes 5, 6, 9, and 12),16 but these serotypes are not commonly isolated from the bovine nasal cavity. Serotype 1-derived neuraminidase may not be present in high enough concentrations to play a major role in the initiation of intranasal bacterial proliferation but may enhance proliferation once larger numbers of P. haemolytica serotype 1 were present. A glycoprotease that cleaves 0-sialoglycoproteins is also produced by P. haernolytica serotype 1' and could play a role similar to that of neuraminidase by exposing previously hidden receptor sites.
Inflammation can produce alterations in lectin reactivity to pulmonary t i s~u e s .~~~,~~~~ In sheep exposed to P. haemolytica serotype 7 , mucous epithelial cells of bronchi adjacent to pneumonic areas had markedly greater reactivity to Gal-specific PNA and NAGal/Galspecific GS-I than did similar cells in nonpneumonic areas. 23 Terminal airway secretory epithelium and tracheal epithelium reactivity to UEA-I and GS-I, respectively, was increased in infected as compared with uninfected animals. Similarly, the intensity of bronchiolar epithelial reactivity to UEA-I was greater when increased numbers of lymphocytes were p r e~e n t .~ Causes of inflammation-induced alterations in lectin reactivity have been considered to be due to cyclooxygenase products of arachidonic or the action of glycosidases and hydrolases within inflammatory ex-udates2 Lymphokines have also been incriminated in altering lectin reactivity of respiratory tissues by their effect on bronchiolar cell growth. 3 In the current study, there was no obvious correlation between lectin reactivity and the amount of diffuse inflammation in the samples. However, there was increased reaction intensity for all six lectins listed in Table 2 for focal areas of some samples that were severely inflamed or that contained erosions or necrosis of epithelial cells.
Although many receptors for bacterial adhesins are epithelial cell associated, specific receptors may also be present in the overlying mucous layer. Bacterial colonization of mucus, even without colonization of the underlying epithelium, can predispose to disease. 21 One mechanism by which nasal mucus could influence bacterial colonization is by adhesion of bacteria to receptors in mucus. Specific binding of P. aeruginosa to human mucin and P. multocida to porcine mucin have been r e p~r t e d .~'~~~ Reactivity to cytoplasmic content of both the surface mucosa and submucosal glands was increased in samples from BHV 1 -infected as compared with those from normal cattle for all six lectins. This change in cytoplasmic lectin reactivity may reflect an alteration in the type and concentration of glycoconjugates that could affect the capacity of P. haemolytica to adhere to nasal mucus of BHVl -infected cattle. Additionally, the increased amount of carbohydrate-and protein-rich nasal mucus that accompanies BHV 1 infection' may provide greater numbers of receptors that could mediate adhesion.
Another possible role that altered mucus production could have is to create changes in the nasal nutrient environment that might effect the expression of bacterial surface adhesins. Pasteurella haemolytica possesses a variety of growth condition-dependent surface structures that could act as adhesins, including capsular substances, outer membrane proteins (OMP) and lipopolysaccharide (LPS).*JoJ1 In studies of OMPand LPS-containing extracts of P. multocida type A, material in these extracts attached to mucus and epithelial cell wall preparations from cattle and pigs.6 Altered mucus composition may enhance expression of growth condition-dependent P. haemolytica adhesins that could bind to receptors on mucins or nasal mucosa.
The results of this study demonstrate that BHVl infection can cause an alteration in the glycoconjugate composition of bovine nasal epithelial surfaces. These alterations could be one factor that promotes proliferation of P. haemolytica serotype 1 in the early stages of pneumonic pasteurellosis.
